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LUNAR RESOURCES -- TOWARD LIVING CFF THE LUNAR LaND

Larrv A. Haskin and Russeil C. Colson. Deparument of Earth and Planetry Sciencss and

\{cDonneil Czater for the Space Sciencss. Washingron University, St. Louis. MO 63130

Space is now an accessible part of the human environment, and it tehooves us 1o learn in the
“roadest sen;e what's out there. how it zot there. aad how it works. In the narrower cantext of
nodes of 2xpioration that pizcs men ind women ia space. we should also i2arn how to keep
ourseives healthy and safe. how o carry our activities in spacs. and how to use what we find
rhere. ‘Whatever the reasons may te for our activities in space, we should learn through those

1ctivities what the practical imporiance or space may te.
Why the Moon?

Wa ~an narticuiariv imorove nur assessment of the value of space for human activities through
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indigenous materials. The nearest body appropriate ror this is the Moon. which has properties
1nd resgurces suitable for such explorauion. The Moon. like low-Earth srbit. z2ostationary
orbit, and lunar orbit, is part of near-Earth space. part of the Earth-orbit 2nvironment.
Because it is close. in the near term it is the easiest and safest body outside of Earth to use. We
wnow more about it than we know about any other pianet except Earth. A Moonbase will build
on the experience of the Apollo missions. Even with these advantages of proximity and our

knowledge of its surface, the Moon stull offers substantial technological challenge in

engineering, mining, manufacturing, construction, and life support.

ORIGINAL PAGE IS

OF POOR QUALITY
F-1



MOONUSE z - 30 November. 1989

Economics wiil ultimateiv dictate wners 21a whnat Kinds of marteriai we wiil usa in space but, if
ve [3Ke 1 conservative approach. 'we might sonciude that for near-ierm use in aear-Earth space
there are oniv two chocices. Cne 1s :he Earth and the other is the Moon. Because the Moon is
the most likely o’ojec't Yor tesung and daveioping the tirst technoiogies ror sustaining human
presence on ancther riamer. it is 2iso the most likely economicai near-izrm suppiier of
axtraterrestrial materiai Yor use in near-Earth spacé. In the longer run. we may find it
economical to use tar more distant bodies such as near-Earth asteroids or Phobos to supply
materials to near-Ear:h space (e.g., Lawis and Lewis, i587). As we do not know what specific
materials any of h2s@ todies has 0 oif3r or wnat the pavsicai imnres of ckair Iuriacas are, we
:annot readily d2sign ecnnologies to use on them: wa tharerore 15sume thRAL rtheir use 1s decades

in the future.

The Earth as 2 sourcs {or materiais [0 use i space Rhas the acvaniage of weil developed
technologies ana manuraciuring copabiiitiss. [t has the disadvaniage of teiatively high gravity
and a consequent. unavoidable peralty in energy for lifting marerials from its surface into orbit.
The Moon has he advanrage of intermediate gravity, low enough 10 anhance the
. DU RiZho@ncuzn o o2 ar practical
use in separatinz products rrom residues.  Transport of lunar marteriai to [ow-carth orbir is
particulariy atrractive if 1erotraking supplants rocket 2nergy for achieving inar orgit. Whatever
the acrual cost of using a ifunar materiais may ,be,' p{pr\rfriderdwthgy do not require extensive crew
time 10 producé. the largest part cf that cost is for hauling the lunar factory from Earth to the
Moon (e.g., Simon. ($85). Forseeable tachnologies that would raduce the cost of iransporring

materials from Earth. 2ven 10 low-Earth orpir, wouid aimost 2qually reduce the cost of

operations on the lunar surtaca.

Technologicaily, the Moon is underdeveloped. Earth technologies cannot readily be transpiantad

to the lunar surrace because condirions and starting materials there are not those found or used
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sn Earth. The Moon 2iso remains iargely underexpicred. [t is underexyiorad physicaily, so that
e have no sausraciory 1ssessment of the range or materiais it has 1o otfer. [t is underexpliored
concepruaily, in that we have not davoted ¢nough erfort or tunds 10 learn how we might make
use of whar we already know is there. Many uses and technologies have ‘;ee proposed. but
few have been tested and none has besn fuily daveioped. The iead tme for research and
javelopment is ten to fifteen vears ror the simplest proposed technologies. and we need serious
laboratory work on them now if we are to test them. let alone hope 0 use them, at the

proposed lunar outpost.
Lunar Resources and Surface Conditions

So, what is abundant on the Moon. and how might we use it} Here. "+2 take a conservative
view and accept as resources only those materials we know from Apoilo experience to be
:ommon 1nd present in such [arge guaatities that w2 wouid act reguire urther on-surface
exploration to verirv their 2xistence 1as ore todies. Abundant materials in the lunar highlands
qre breccias (rocks thar consist of fragments ot eariier rocks. produced on the Moon by the
<2y oind Msoulst (the
anconsolidated, -ulverized procducts ot the cratering impacts). a4 the iunar maria. prevalent
marteriais are tasaitic !zvas and soiis. 2nd there may te supsianual deposits ot pyroclastic glasses
(lunar volcanic ash). (The lavas and pyroclastic deposits would require on-surface verification
1s ore bodies because: thicknesses and continuity of lavas with specific characteristics. e.g., high
proportions of iimenite. wouid neeq: 10 te demonstrated and thicknesses or pvroclastic deposits

would need to be determined.)

[n addition to these marteriai resources, the lunar surrace offers intermeaiate gravity, high

vacuum. and derendable sunlight (half the time). It aiso orfers extreme temperatures (120 *C in
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:he sun. -:°0 °C in the shade). no atmosphers io transfer heat or scatier light. clinging dusr

and two-week-iong davs and nighrs.

The most likelv material for initial use is lunar soil. The princ-ioax chemicai constituents of the
:oils (e.g., Haskin and 'Varren. [990) are oxvgen rabout +43% oy wr, :iiicon (abour 21%),
aluminum (about !3% in highland soils. 3% in mare soiis), c2icium iin most soiis § - i0%), iron
‘some 13% in mare soils. 6% in highland soiis). and magnesium rabout 3%). pius some sodium
and. in some mare sois. significant titanium (up to about 6%). Of course. 1il of the chemical
:iements are present in tae sous. [ut MOST are present in minor Ir race soncentrarions. There
may be ores for some of the minor or trace 2iements: Sertdiniy. 2xiensive amounts of chemical
separation took place. as indicared by smail. specialized fragments in the lunar sample
collections. However. tecause the Moon lacks internal warter. ores or most tvypes we find on

Carth are uniikeiv 10 be found there.
Guidelines for Early Lunar Technologies

Dverail,  simpie raasplanianion of  terrestrizl  echnoiogies I0€ unar osurrace seems

o

inappropriate.  lMaterials that ire common on the lunar surface would 2 uncompetitive as
starung materidis for most ferrestriai extraciion processes. ‘We especiaily would disdain them as
sources of air and water, which we regard as free and abundant on Earth. Lunar surface
conditions would also be unsuirable for most terrestrial technoiogies. Because of this, we tend
1o regard them {and conditions on the surfaces of other objects in the solar system) as
‘mpediments. However. with new ideas and proper understanding, we shouid be able to turn at

laast some of these conditions into advantages.

{nidally, all operations on the lunar surface (as eisewhere in space) wiil be awkward and

axpensive. Thus. the simplest technologies that can produce crucial products wiil presumably be
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:he first technologies deveioped fe.2.. Haskin. :$85). Ve can specuiate thar :sharacteristics of
iasiraple inital lunar technologies wouid inciucde the following: Such :2chnoicgies wouid have
‘ew and cimple steps. including minimai preparation of {eedstock and minimal 2ffort 1o recycle
reagents. They would require minimai mareriai (reagents pius raciory) to te brought from
Earth. Tnev would make arficient use of energy, or at least 3¢ power cther than direct
zuniight. They would te easy 10 install. have few moving parss. and be e:s*,"to maintain and
sperate. and thus require little astronaut time. They should be robust with respect to physical
jarring during transport and instatlaton.  They shouid te robust with rsspect 1o feedstock
composition: the ore tody shouid btz 225y (0 mine aad tatches or T22dstesk :nouid not require

axensive compositicnal monitoring.

However unusual lunar soils may seem when compared with- terrestrial cres, they are an
excellent resource in terms of their chemical compositions and. for some purposes. their physical
sharacteristics. [t is convenient to iilustrare this in the sort of evervday t2rms cne might use if
one were a pioneer cettler on the Moon. Our pioneer settler must have the perspecrive of a

shemist. however, to recognize much of the potential of the soil as 1 resourcs,

The Lunar Water Works: As pioneers. our rirst concern might te focd 2nd water. 2specially
since the Moon has the reputation of teing very drv and barren orf carcon. [t is proposed that
there may (e.g., Arnold. 197%) or may not (e.g., Lanzerotti and Brown, 1981) be water at the
lunar poles. but we ignore that possibility in our conservative scenario. [nstead of water, let us
consider the abundance of its chemical components. cxygen and hvdrogen. The lunar supply of
Jxygen is enormous: oxvgen is the most abundant chemical element {by weight, some 15%) in
the lunar soils and rocks. It is chemicaily combined in those marerials and must be extracted, as

discussed below.
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in contrast. concehtrations of khvdrogen are vary low. Sut the ol guantity available is
wevertheless great. _3vas 2rupteg trsm the Moon's inIerior <oniain suca low amounts of
svdrogen (and carten aad nitrogen) -hat we have Te2en unatle 10 sbserve them e.ven with
modern’ sensitive instruments, in <ontrast 1O terrestriai lavas. which typicaily contain ar least

).5% water. The lunar surrace, nowever, nas teen tathed for oiilions of wears in the solar
wind, 2 flux of ionized atoms from the 2xterior of the sun. T'nése ions emped :hemseaives in the
surraces of the grains of soil that lie on the Moon’s surrace. The lunar surface is repeatedly
'3ardened” by inrailing meteorites. 10 old. :olar-wind-rich 3rains are turied and fresh grains

svmosed. o this way. .2rgg amounit <r avdr nave =335 ~yried - e- :
Dos o th \ 3 10U :r hydrogen have 220me Tunied .n th2 soil. 2nough to

mopineg vith lunar sxvgen) abour one miilion Ul S. zatlens szZour 1.3 miilion

Q

-roduce (if <
liters) of water per square mile (2.5 xm=) of soil 10 2 depth of two vards 1.3 m» «Haskin, 1990).
This hvdrogen can be extracted by heaung the sori o about 700 °C. Suppiving the Lunar Water
Works is a matter of technelogy and economics. but not a matter or avaiatilitv of hvdrogen and

3xvgen on the Moon.

The Lumar Farm: Llke hvdrogen. carbon and nitrogen are abundant in the lunar soil. Like
1vdrogen. they ars Jarived rrom e :siar wiad and Ir2 Dresent in virt W COnGenIrarions.
They are obtained ziong -with hvdrogen vhen lunar il is hearea. Al ine other nurrients
necessary to life are likewise present in the soil. [n principie. just as thev 4o on Earth. plants
shouid be able to extract these nutrieatrs directly tfrom the soil. once we have provided them
with adequate lunar water, carbon dioxide. oxvgen. and nitrogen. [n practice, such soils would
srobably not be very fertile unul thetr minerals had reacted with water, 1nd hvdroponic means

of farming might te needed ininaily.

The Lumar Filling Station: At least iniuaily, an important mode of iraasportaticn to and from
the Moon base wiil be rockets. Hauling the fuel and oxidizer for these rrom Earth will be

axpensive. [t may prove cheaper to provide them rrom lunar soil. The fuel of choice might be
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avdrogen. Far perspeciive. <onsicer the production ot 40 rtonnes of hvdrogen per vear, aa
reasonable esumarte of the amount nszeded for 2il transportation rrom low-Earth orbit in the
aariy Moonbase era. That amount can e obtained from just 0.3 square xilometer of soil mined

:0 a depth or cne mezer Haskin. [580),

Alternartively, {unar transport venicles might burn 1 metal such as iron. aiuminum. or silicon,
aven though these are less erficient rocket fuels than hvdrogen. All three are major constituents
of lunar soils. ‘rom which they can be extracted from chemical combination with oxvgen. Each

is 2 pvproduct of one or more propesed progesses ror 2XIracrion of oxvgen.

We need an oxidizer tor the tuel. and oxvgen is very abundant. aithough it is not trivial to
extract it from the soiis. Severai techniques have been proposed. inciuding extraction of oxygen
from iimenite ©tv using hvdrogen zas (e.g.,, Gibson and Knudsen. :(%85: Williams, 1985),
extraction bty using corbon monoxice 23s (e.3.. Rosencerg 2t al, 1563 Cutler and Krag, 1985),
extraction ty processing with hydrorluoric acid or rluorine (e.g., Waldron. [585; Burt, 1990),
and exrraction by electrolysis. either with a rlux rKeller et al.. 1989) or without a flux (e.g.,

askin et 2i., (390, discussed beigwr,

The Lunar Lumber Yard: Suppose we decide we need 1 new structure on the Moon or in space;
what will the Lunar Lumber Yard have to offer? A case can be made that the "boards® of
space construction wiil be made ot glass. Molten lunar soil can be cast into silicate beams, rods,
and sheets. te extruded as tubes. and te spun into fiters. These may have greater strength than
similar productss on Earth because in the space environment there is no water o react with their

~olvmer tonds.

[ron. aiuminum. and silicon are tvproducts of oxvgen extraction from !unar soils. Irom and

jluminum can te fabricated into teams and rods for structurai support. They can be drawn
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into wires, both for structural use and for use as electricai and heat conductors. All three can

be used as mirrors or mirror coatings t rerlect sunlight.

The 'unprocessed soil itself cam serve as thermai shielding to moderarte ’nabitats and other
anvironments against the broad. diurnal temperarure flucruations at the lunar surrface. It can
also serve as radiation shielding against cosmic rays and solar flares. Partially distilled in a solar
furnace, it seems possible that the residue from the soil might take on the composition of a
good cement, and the water to turn it into concrete could be obtained from local sources, as
mentioned above. Distilled further, the residue would be very refractorv and could serve for

heart shielding.

The Lunar Power Company: The Moon receives plentiful and predictable amounts of sunlight,
and sunlight will surely be the evenrual source of nearly ail electrical power and heatr used by
the lunar pioneer. Except at very restricted locations it the lunar poles. sunlight is locally
available only half the time, however, and for some purposes. the temporal distribution of
sunlight is inconvenienr. Storing energy derived from the sun over the two-week-long lunar
night seems difficuit. and might have to be done in the form of hydrogen. merais. and oxygen
'whose extraction was powered by solar energy. Thus. 3 strong case can be made that the power

used initiaily on the Moon should be nuclear.

Initially, it may be economical to bring high yield solar panels to the Moon from Earth.

Evenrually, eiectrical power wiil probably be derived from lunar silicon. 2 bvproduct of oxygen

production, or from lunar ilmenite. recently shown to be photovoitaic. Conversion need not be

afficient if a local material simply obtained is used as the photovoitaic.

Electrical power may be the first major import to the Earth from the Moon (once the souvenir

market has been satisfied). Large arravs of relatively low-vield solar cells can be placed on the
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Moon to supply large amounts of power for transmission to Earth (Crisweil and Waldron, 1985).
Also, lunar 3He has been proposed for use as 1 fusion fuel superior t0 tritium (3H) in that it is
aot radioactive, does not have 10 be made in nuclear fission reactors. and vields a.proton instsad
of a2 more destructive neyrron when it fuses with deuterium lZH) (Wittenberg et al., 1987).
The use of iron, alurpinum, and silicon to coar mirrors t© move sunlight around was indicated

above.
"\Magma Electrolysis.” a2 Proposed Lunar Technology*

We are investigating electrolysis of mciten silicate 2s 3 means of producing oxvgen and merals
for use on the Moon and in near-Earth space. (See also Oppenheim. 1968; Kesterke, 1971;
Lindstrom and Haskin, 1979). Most of our effort so far has been to determine the nature and
kinetics of the electrochemical reactions and the conductivities and other parameters necessary

for design of a test cell. We have not vet designed a production-scaie cefl, tut we have a rough

idea of its characreristics (Haskin et al., 1990).

We envision a steady-state operation. The teedstock for the cell would be lunar soil that had
nean sieved to remove the small proportion of materiai iarger than 0.3 cm. As the soil was fed
into the cell, it would melt; the heat tor melting would be furnished by "excess" electrical heat
released into the melt owing to its resistance. The ceil would have a volume of about one cubic
meter and anode and cathode areas of abour thirty meters each. Oxygen would be produced at

the anode, and iron, silicon, or an ailov of the two would te produced at the cathode
]

*The term "magma elacrrolysis® is catchy (e.g., du Fresne and Schroeder (1983); because to
geoscientists the term "magma’ iadicates naturaily occurring melts. we generaily use the term

"molten silicate electrolysis.”
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depending on the composition of the silicate melt in the cell. The operating temperarure of the

ceil would be betrween 1,200 apd 1.400 °C.

We estimate that the power required to produce one tonne of oxygen gas per 24 hours would be
about 0.54 Mw, of which some 0.1 Mw would be used to melt and heat the feedstock, 0.19
Mw would be used to separate the oxygen and metal from chemical combination, and 0.24 Mw
would be "excess” resistance heat,-some of which would be needed to make up for radiation
losses from the hot ceil, and the rest of which wouid be available for other uses. [a addition to
the one tonne of oxygen gis, the ceil would produce i(for an average meit composition) some
0.64 tonne of iron and 0.62 tonne of silicon. About 4.8 tonnes of soil would pass through the
cell per 24 hours, so some 2.5 tonnes of spent silicate meit would have to te removed along
with the oxygen and metal. All products of the ceil would be useful: nothing wouid need to be

discarded. Potential uses are discussed above.

This process would sausfy many of the criteria ser forth above for eariy lunar technologies.
The cell proper would have no moving parts.aithough the egquipment :0 mine, sieve, and
introduce the lunar soil would and that t0 remove and srofe the oxygen mignht. Producing the
oxygen, merals. and spent silicate would be 3 one-step pracess: we have 2ot considered how to
handle the products. an activity common to all proposed processes. The mass and size of the
cell would be modest compared to the equipment for most proposed alternate processes (e.g.,

Eagle Engineering, 1988).

The power requirements would also te competitive with those of proposed aiternate processes, if
we include in the comparison the anciilary steps required by those processes such as ore
refinement and reagent recycting that would not be needed for silicate eiectrolysis. The cell
would need continuous electrical power, however, so that its contents would not freeze during

the lunar night; initially, this requirement may best be met by use of nuciear power.
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The process would use common lumar soil; any common soil found by the Apollo' or Luna
missions would be acceptable, aithough prior knowledge of the general type of soil might enable
optimization of ceil design or startup protocols. Different feedstocks would require somewhat
different initial conditions of temperature and eiectrical potenual but, once the bulk
composition of the melt had been established in the ceil, probable variations in feedstock

composition would not greatly arfect cell temperature or operating potental.

The main identified and unsolved problems of the process center around finding suirable
materials for the electrodes and container. Iron and silicon form alloys with most metals.
Molten silicate is very corrosive. Anodes can probably be made of platinum or coated with it,
and cathodes can probably be made of high-temperature iron-silicon alloys. The container may

have to be made of spinei, which would be brought into equilibrium with the silicate meit.
Conclusions

Lunar soils conrain in abundance the materials required for life support. construction, and
rransportation.  The high cost in energy of lifting material from the Earth’s surface suggests
that, in the near term, lunar material should be considered for use both on the Moon and in
low-Earth orbit. However, most conventional technologies are not suited to efficient processing
of lunar material, so new technoiogies need to be developed. Additional ideas are needed, but
most crucial i. investment in thorough testing of existing ideas on a laboratory bench scale.
Development of those that prove promising in the laboratory should te tegun immediately,

because of the long lead time to prepare rcbust units for testing or use on the Moon.
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